Abstract. Glioma is the most common primary brain tumor among adults. Temozolomide (TMZ) is widely used as the first-line postsurgical drug for malignant glioma. However, the therapeutic efficacy of TMZ remains ineffective as inherited or acquired drug resistance is frequently observed. Estrogen receptor β (ERβ) has emerged as a tumor suppressor and a key regulator of signal transduction in glioma cells. However, little is known about the role of ERβ in regulating the chemotherapeutic response to TMZ. In the current study, the TMZ-resistant U138 glioma cells were treated with the novel ERβ agonist liquiritigenin (Liq). It was observed that Liq significantly enhanced ERβ expression and sensitized glioma cells to TMZ-induced proliferation inhibition. As a potential mechanism, it was noted that Liq treatment significantly inhibited the activity of the PI3K/AKT/mTOR pathway, which played a protective role against the TMZ-induced cytotoxicity. In addition, it was demonstrated that ERβ knockdown or activation of the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) pathway by insulin-like growth factor 1 both eradicated the function of Liq. These results suggest that Liq treatment enhances glioma cell susceptibility to TMZ by inhibiting the PI3K/AKT/mTOR pathway. As hyperactivation of the PI3K/AKT/mTOR pathway is frequently observed in gliomas, the combined use of ERβ agonists may become a feasible therapy option to overcome chemoresistance to TMZ.
Introduction
Gliomas are the most common type of malignant primary intracranial neoplasm and are associated with high mortality and morbidity (1) . Despite dramatic advances in surgical intervention and chemotherapy over the past decades, the prognosis for patients with malignant glial tumors remains poor (2) . Glioblastoma multiforme is the most common and aggressive subtype of malignant glioma, with an average survival time of less than one year following diagnosis (2) . Accordingly, there is an urgent requirement to develop novel and effective therapeutic strategies for this disease.
Temozolomide (TMZ) is a standard chemotherapeutic agent for gliomas following surgical resection and radiotherapy (3) . Functioning as an alkylating agent, TMZ induces DNA damage via the attachment of a methyl group to guanine bases, resulting in disrupted gene expression and cell growth arrest. However, not all patients exhibit a sensitive response to TMZ, and acquired resistance to the drug following treatment is frequently observed (4, 5) . Accordingly, an understanding of the molecular mechanisms underlying TMZ resistance is essential for the optimization of existing therapeutic strategies and the development of new ones (6) .
Estrogens are steroid hormones that play a significant role in regulating the development and differentiation of the central nervous system (7, 8) . There are two main types of cognate receptors of estrogens, ERα and ERβ, which selectively bind to different ligands and mediate the expression of different downstream genes and signaling cascades (7, 9, 10) . ERα has been shown to enhance the proliferation of cancer cells (10) (11) (12) , while previous studies support the role of ERβ as a potential tumor suppressor (7, 10, 13, 14) . Loss of ERβ expression has been repeatedly observed in high-grade glioma tumors and is associated with poor clinical outcome (10, 14, 15) . A previous study also revealed that overexpression of ERβ reduced cell proliferation in colon and breast cancer cells while knockdown of ERβ exhibited the opposite effect (13 (16) . It activates multiple regulatory elements and downstream target genes of ERβ with high specificity, and exhibits various anti-inflammatory (17, 18) and antitumor effects (19, 20) . It has been shown that Liq inhibits the production of inducible nitric oxide synthase and the release of proinflammatory cytokines in macrophages (17) . There is also evidence that Liq suppresses cell proliferation in a dose-and time-dependent manner (20) . Pharmacokinetic studies demonstrate that Liq exhibits strong intestinal absorption and blood-brain barrier permeability (20) . These characteristics all support the therapeutic function of Liq in gliomas. However, besides its well-established role as a tumor suppressor, little is known about the function of ERβ in regulating the chemotherapeutic response of gliomas. To investigate the therapeutic advantages of the ERβ agonist, we considered whether it was possible to modulate ERβ signaling using Liq and enhance cellular sensitivity to TMZ. These findings provide implications for the molecular mechanisms of TMZ resistance and have immediate clinical utility in glioma treatment.
Materials and methods
Cell lines and reagents. U138 human glioma cells were obtained from the American Type Culture Collection (Manassas, VA, USA) and cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Hyclone Laboratories, Logan, UT, USA) and 1% penicillin-streptomycin (Sigma, St. Louis, MO, USA). Liq was purchased from Biopurify Phytochemicals (Chengdu, China). AKT antibody (no. 9272), phospho-AKT antibody (no. 9271) and phospho-p70S6K antibody (no. 9205) were purchased from Cell Signaling Technology, Inc. (Danvers, MA. USA). P70S6K antibody (ab9366) was purchased from Abcam (Cambridge, UK). ERβ antibody (sc-8974), ERβ shRNA (h) lentiviral particles (sc-35325-V) and control shRNA lentiviral particles-A (sc-108080) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). All antibodies are rabbit anti-human polyclonal antibodies.
Reverse-transcription polymerase chain reaction (PCR) and real-time PCR.
TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) was used to extract total RNA following the manufacturer's instructions. RNA was quality checked and quantitated using Nanodrop (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Total RNA (500 µM) was used for cDNA synthesis with poly T primer using the Superscript III reagent kit (Invitrogen Life Technologies). Real-time PCR was performed using a 7300 real-time PCR system (Applied Biosystems, Life Technologies, Paisley, UK) using SYBR-Green PCR master mix (Bio-Rad, Hercules, CA, USA). Data are expressed as the mean ± standard deviation of three replicates. The PCR primers used for ERβ were: 5'-GGCAGAGGACAGTAAAAGCA-3' (forward) and 5'-GGACCACACAGCAGAAAGAT-3' (reverse). For actin, they were: 5'-CCAACACAGTGCTGTCTGG-3' (forward) and 5'-TGCTGATCCACATCTGCTG-3' (reverse).
Western blotting. Cells were washed twice with ice-cold phosphate-buffered saline and lysed in protein gel buffer protein gel buffer (PGB; 60 mM Tris-HCl,10% SDS and 10% glycerol) with 1 mM phenylmethanesulfonylfluoride for 20 min on ice. PGB buffer contains 60 mM Tris-HCl, 10% SDS and 10% glycerol. Cell lysates were centrifuged at 14,000 x g for 10 min at 4˚C, and the supernatants were collected. Protein concentration was quantitated using Nanodrop spectrophotometer nd-1000 (Thermo Fisher Scientific, Inc.) and 10 µg protein was loaded on 12% SDS-PAGE gels and transferred onto membranes (Millipore, Billerica, MA, USA). Membranes were blocked in TBST with 5% non-fat milk at room temperature for 1 h, and incubated with primary antibodies at 4˚C overnight. The next day, membranes were washed three times for 5 min with TBST, incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature and visualized using enhanced chemiluminescence (Millipore). Primary antibodies were diluted at a concentration of 1:1,000, with the exception of anti-AKT (1:2,000) and anti-ERβ (1:500).
shRNA lentiviral particle transduction. U87 cells were cultured at a density of 2x10 4 cells per well in 12-well plates and cultured for 24 h prior to infection. The cells were approximately 50% confluent when they were infected with ERβ-specific shRNA lentiviral particles or control shRNA lentiviral particles in a mixture of complete medium containing 5 µg/ml polybrene (Santa Cruz Biotechnology, Inc.). Following incubation for 24 h, the culture medium was replaced with fresh complete medium and incubation was continued for 24 h. Next, the cells were divided into three groups and transferred to new plates for subsequent assays. Knockdown efficiency was accessed using western blotting.
Cell viability assay. The effects of different agent combinations on cell viability were analyzed using the Cell Counting Kit 8 (CCK-8) cell viability assay (Dojindo, Kunamoto, Japan). Briefly, cells were suspended in 96-well plates at a density of 10 4 cells per well. Following incubation for 24 h, various agents, alone or in combination with others as indicated in the manuscript, were added to the cells. Following incubation for 72 h, 10 µl CCK-8 reagent was added to each well and incubated at 37˚C for 2 h. Absorbance was accessed at a wavelength of 450-630 nm using a multi-mode microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). Assays were performed in triplicate and cell viability was calculated as a percentage of the control. The median inhibitory concentration (IC 50 ) of TMZ was calculated using SPSS software 17.0 (SPSS, Inc., Chicago, IL, USA).
Results

Liq enhances expression of ERβ and sensitizes glioma cells to TMZ treatment.
The TMZ-resistant U138 glioma cell line (21) was used as a model to investigate the function of Liq in modulating the cellular response to TMZ treatment. U138 cells were treated with seven different titrations of Liq, and cell viability was determined using the CCK-8 assay after 72 h. In agreement with a previous study (20) , it was observed that Liq induced U138 cell death in a dose-dependent manner (Fig. 1A) . As 80 µM Liq was sufficient to activate ERβ without causing severe cell death in U138 cells, this concentration of Liq was used in all subsequent assays. The effect of treatment with TMZ alone or in combination with Liq on cell viability was then investigated. Consistent with previous results (21), a clear inhibitory effect on U138 cell viability was observed only when a high dose of TMZ was used (Fig. 1B) . By contrast, the combined treatment of TMZ and Liq synergistically inhibited the proliferation of U138 cells even when a low dose of TMZ was used (Fig. 1B) . For cells treated with Liq and various doses of TMZ, we controlled for the influence of Liq on cell viability by normalizing viabilities of different groups to the group treated with 80 µM Liq alone (TMZ=0 µM), and calculated a corrected 72 h IC 50 for TMZ. Combined treatment with Liq significantly increased U138 susceptibility to TMZ (untreated IC 50 =973.56 µM vs. treated IC 50 =188.45 µM). Since the combination of a low dose of Liq (80 µM) and TMZ (100 µM) could readily inhibit cell growth by ~50% (Fig. 1D) , this therapy option may be well tolerated with fewer side effects. Notably, using real-time PCR, it was observed that transcription activity of ERβ was notably increased following treatment with 80 µM Liq for 72 h (P=0.006, Student's t-test; Fig. 1C ). Western blotting revealed that the protein level of ERβ was also enhanced following exposure to Liq (Fig. 1E) . This is in line with a previous study which demonstrated that the expression level of ERβ is self-regulated by its own ligands (22) . By contrast, we noted that Liq treatment had no influence on either the transcription or protein expression of O 6 -methylguanine DNA methyltransferase (MGMT) (Fig. 1D and E) , which plays a significant role in repairing TMZ-induced DNA damage and regulating chemoresistance to alkylating agents (4, 5, 21) . We therefore suggest that Liq may enhance the TMZ sensitivity of U138 cells through MGMT-independent mechanisms.
Liq treatment results in inhibition of PI3K/AKT/mTOR pathway. The PI3K/AKT/mTOR pathway plays a significant role in regulating cellular processes that are critical for both normal development and tumorigenesis, including proliferation, growth, survival and mobility (23) (24) (25) . There is also growing evidence to suggest that the PI3K/AKT/mTOR pathway plays a crucial role in regulating chemotherapy resistance in various tumor cells (23, 26) . In addition, a previous study suggested that the overexpression of ERβ is associated with inhibition of the PI3K/AKT/mTOR pathway (27, 28) . We therefore considered whether Liq modulates TMZ sensitivity by regulating the PI3K/AKT/mTOR pathway. After treating cells with TMZ or Liq alone and in combination, we investigated changes in the protein expression and phosphorylation of AKT and P70S6K, which are central components of this pathway, using western blotting. Notably, treatment with Liq, but not TMZ, resulted in a significant decrease in AKT and p70S6K phosphorylation ( Fig. 2A) . The function of the PI3K/AKT/mTOR pathway in regulating TMZ sensitivity of U138 cells was further investigated using a PI3K/mTOR dual inhibitor, XL765 (29) . Notably, U138 cells treated with XL765 became more sensitive to TMZ even after controlling for the influence of XL765 (untreated IC 50 =897.25 µM vs. treated IC 50 =101.36 µM). These results support the role of PI3K/AKT/mTOR as a key mediator of TMZ resistance in U138 cells. Fig. 4B ). This is consistent with the PI3K/AKT/mTOR pathway being significant in mediating chemoresistance (23) . We thus conclude that Liq treatment sensitizes U138 cells to TMZ through inhibition of the PI3K/AKT/mTOR pathway.
Discussion
TMZ has emerged as a promising chemotherapy for glioblastoma; however, the clinical outcome of TMZ treatment is not always satisfactory due to the intrinsic or acquired drug resistance (2). It is well established that MGMT is one of the most significant DNA repair enzymes that targets TMZ-induced DNA damage (4) . Previous studies suggest that the promoter methylation status and expression level of MGMT are associated with the susceptibility of tumor cells to TMZ (4, 5) . Besides MGMT-dependent mechanisms, however, other mechanisms are also considered to be critical in regulating TMZ sensitivity (25) . Accordingly, other pharmacological agents, through MGMT-dependent or -independent mechanisms, may readily increase the therapeutic efficacy of TMZ and increase patients' survival. In the current study, a mechanistic link was identified between the ERβ agonist and chemoresistance to TMZ treatment. Notably, it was revealed that Liq enhanced the TMZ sensitivity of U138 cells without changing the expression level of MGMT. The results provided evidence that Liq enhanced TMZ sensitivity through inhibition of the PI3K/AKT/mTOR pathway. We also suggest that Liq function is dependent on ERβ and may be counterbalanced by the PI3K/AKT/mTOR activator IGF-1. These results provide a novel MGMT-independent mechanism for TMZ resistance and highlight the clinical use of Liq to optimize TMZ therapeutics.
PI3K/AKT/mTOR signaling plays a central role in regulating protein synthesis, proliferation and survival, and has been implicated in multiple drug resistance in numerous cancer types. Several components of this pathway, including epidermal growth factor receptor, Ras, PI3K and AKT, have been observed to be frequently mutated in tumor cells and are associated with the hyperactivation of the pathway (31) . Independent of the MGMT function, PI3K/AKT/mTOR Fig u r e 2 . L iqu i r it igen i n ( L iq) t r e a t m ent i n h ibit s t h e a c t iv it y of t h e pho sph a t idyl i no sit ol-4, 5 -bi spho sph a t e 3 -k i n a s e (PI3K)/AKT/mammalian target of rapamycin (mTOR) pathway. (A) Following treatment with dimethyl sulfoxide, temozolomide (TMZ), Liq or a combination of TMZ and Liq, the phosphorylation levels of AKT and P70S6K, as well as the protein expression levels of AKT, P70S6K and actin were analyzed by western blotting. (B) Cells were treated with various doses of TMZ (25-800 µM) in combination with 50 µM AKT/mTOR dual inhibitor XL765 for 72 h, and cell viability was assessed by the CCK-8 assay.
A B signaling may facilitate the expression of a set of anti-apoptotic factors and activation of survival signals, which rid the cells of the cytotoxic effects induced by TMZ treatment (31, 32) . For example, enhanced PI3K/AKT/mTOR activity is linked to the overexpression of c-myc, vascular endothelial growth factor and hypoxia-inducible factor-1α (24, 31) . A previous study also revealed a mechanistic link between PI3K/AKT/mTOR hyperactivation and deregulation of homeobox A9/A10, which underlies a drug-resistant, progenitor cell phenotype in MGMT-independent pediatric glioblastoma (33) . Moreover, there is also a possibility that PI3K/AKT/mTOR signaling controls cell cycle progression and mediates DNA damage repair through the non-homologous end-joining repair pathway. A previous study suggested that AKT interacts with the DNA-protein kinase catalytic subunit and induces DNA double-strand break repair (34) . This provides an alternative strategy to repair TMZ-induced DNA damage and confer cell resistance to TMZ treatment. In line with these findings, it has been observed that the activated PI3K/AKT pathway promotes resistance to anti-estrogen drugs in breast cancer. Loss of phosphatase and tensin homolog (PTEN) and overexpression of PI3K are linked to cisplatin resistance in ovarian cancer cells (35). Previous studies also suggest that overexpression of PIK3CA and activation of PI3K/AKT/mTOR signaling confer trastuzumab resistance in breast cancer (36) , while constitutively active AKT is causally linked to drug resistance against tumor necrosis factor-related apoptosis-inducing ligand (37) . Accordingly, the PI3K/AKT/mTOR pathway is an extremely appealing therapeutic target given its significant roles in regulating multiple survival signaling and drug resistance pathways. Treatment with PI3K/AKT/mTOR inhibitors may result in growth arrest and induced cell death, while the combination of these inhibitors with other therapeutic agents often produces synergistic effects in the inhibition of tumor proliferation. For example, combination treatment of TMZ with the dual PI3K/mTOR inhibitor PI-103 resulted in a highly synergistic inhibition of cell survival in the TMZ-resistant cell line KNS42 (33) , while combined treatment of dual PI3K/mTOR inhibitor XL765 enhanced TMZ-induced cytotoxicity in pituitary adenoma cells and in a mouse model (29) . Our results also support the efficacy of 
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targeting PI3K/AKT/mTOR using Liq as a strategy for overcoming TMZ resistance in U138 cells. We suggest that TMZ treatment in conjunction with Liq is a feasible therapy option with several benefits. Firstly, Liq was observed to be well tolerated with less neuronal toxicity in phase II and III clinical trials. Secondly, Liq possesses strong blood-brain barrier permeability and is able to reach glioma cells. Thirdly, ERβ agonist selectively targets cells expressing ERβ, which have better specificity than other general PI3K/mTOR inhibitors. Finally, we suggest that in addition to its role in enhancing TMZ resistance, Liq may increase the expression of ERβ and activate the function of this well-known tumor suppressor to inhibit tumor proliferation. We thus suggest that ERβ agonists are suitable for optimizing TMZ therapies and for preventing recurrent glioma formation.
In the current study, we provide evidence that, through ERβ knockdown or PI3K/AKT/mTOR activation using IGF-1, Liq function on TMZ sensitivity is ERβ-dependent and PI3K/AKT/mTOR-dependent. However, the manner in which Liq-induced ERβ activation inhibits the activity of PI3K/AKT/mTOR signaling requires further investigation. It has been suggested that overexpression of ERβ is linked to upregulation of PTEN and downregulation of human epidermal growth factor 2 (HER2)/HER3 (28), supporting a transcription-dependent mechanism of ERβ function. Further high-throughput studies, such as RNA-seq and proteomic studies, will help to identify downstream targets of ERβ that are involved in regulating the PI3K/AKT/mTOR pathway. Notably, given that PTEN and components of the PI3K/AKT/mTOR pathway are frequently mutated in cancer cells (38) , it is conceivable that certain cells may have a weak response to ERβ signaling due to their lack of functionally intact proteins. Further attempts should be made to correlate the PTEN status and PI3K/AKT/mTOR activity with the response to the ERβ agonist in a large number of cell types and patient samples. To conclude, the results of the present study suggest that the ERβ agonist is a promising therapy for overcoming TMZ chemoresistance in human malignant glioma cells.
